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We adopt the heavy baryon chiral perturbation theory to calculate the ΣcN interaction to the next-to-leading
order. We consider the contact interactions, one-pion-exchange contributions, two-pion-exchange diagrams, and
renormalization effects of the vertices, masses and wave functions. With the pion mass dependent expression,
we fit the ΣcN interaction from HAL QCD calculation with mpi ≈ 410 MeV and mpi ≈ 570 MeV, and then
extrapolate it to the physical pion mass. The 3S1(I = 1/2) ΣcN interaction is weakly attractive but no bound
solution is found. We also propose a quark model to estimate the leading order ΣcN contact interaction with
the NN interaction as input. This approach combining the quark model and the chiral effective field theory
predicts a very attractive interaction in 1S0(I = 3/2) ΣcN channel and a two-body bound state.
I. INTRODUCTION
In the past decade, many novel hadronic states in the charm
sector have been observed in experiments. Theoretical analy-
sis revealed that some of these states might be the bound states
or resonances of two heavy hadrons (for recent reviews, see
Refs. [1–6]). Thus, the investigation on the hadron-hadron in-
teraction is an important ingredient to understand these exotic
structures.
Nuclear force is the best-understood hadron-hadron inter-
action, which has been extensively studied. More than eighty
years ago, Yukawa proposed the one-pion-exchange interac-
tion, which is the first clear picture about nuclear force [7].
The idea was then developed by including other meson-
exchange interactions or operators to obtain the nuclear force
with high precision [8–10]. The modern theory to build the
nuclear force is the chiral perturbation theory (ChPT) [11, 12],
which is another inheritor of Yukawa’s idea. The formalism
originates from Weinberg [13, 14], in which the nuclear force
can be calculated order by order. The two-pion-exchange loop
diagrams even multi-pion-exchange ones could be considered
by the arrangement of power counting. Apart from these
frameworks at the hadron level, the quark model was also ex-
ploited to calculate the nuclear force [15–26]. Quark model
could provide some insights into the origin of the repulsive
core of nuclear force [16–18, 23]. Recently, the HAL QCD
collaboration proposed a framework to calculate the nuclear
force from the lattice QCD simulations [27–29]. The methods
mentioned above in calculating the nuclear force were also
extended to study other hadron-hadron interactions [30–46].
Investigating the YcN (Yc = Σc or Λc) interaction is a nat-
ural extension of the NN interaction, which is important to
explore the properties of charmed baryons in nuclear mat-
ter [47]. Meanwhile, there is a long history to study the
charmed hypernuclei [48–50]. The conventional nuclei would
become the charmed one when one or more inner nucleons are
replaced by the charmed baryons. The charmed hypernuclei is
an analogy of strange heypernuclei. The YcN interaction is a
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cornerstone to understand the charmed hypernuclei. Recently,
the experimental proposals at J-PARC [51, 52] and FAIR [53]
on the charmed hypernuclei also inspired numerous theoreti-
cal researches on the YcN interactions and charmed hypernu-
clei [54–66]. See Refs. [47, 67] for recent reviews.
In Ref. [59], the OBE model was adopted to calculate the
YcN potential. The molecular bound states of ΛcN were ob-
tained with the essential couple-channel effect from ΣcN and
Σ∗cN . In Ref. [62], the YcN and YbN potentials were calcu-
lated within the framework of the quark delocalization color
screening model (QDCSM). The results showed that the at-
traction between N and Λc/b is too weak to form the bound
states even with the couple-channel effect. The Σc/bN(3S1)
resonance was obtained by coupling to the D-wave ΛcN
channel. In Ref. [63], a constituent quark model was per-
formed to study the YcN interaction, which points to the soft
interaction without two-body bound states and weak couple-
channel effect. In Refs. [60, 61], a potential model (YcN
CTNN) combining the OBE model and quark model was con-
structed. The model contains a long-range meson exchange
part (pi and σ) and a short distance quark exchange part. It
is interesting that the quark model [62, 63] and the OBE
model [59] present different pictures about YcN interaction.
In Refs. [64, 65], the HAL QCD collaboration presented the
ΛcN potential and preliminary ΣcN potential from the lat-
tice QCD simulations. These simulations from the first prin-
ciple were performed in the quark mass corresponding to the
pion masses mpi = 410 − 700 MeV. The ΛcN interaction
from lattice QCD was extrapolated to the physical pion mass
with the chiral effective field theory [66]. Rather than fol-
lowing the standard Weinberg’s power counting law, the au-
thors omitted the two-pion exchange contribution at the next-
to-leading order and included some high order contact terms.
More refined calculation on YcN interaction with less model-
dependent framework is needed.
In this work, we adopt the heavy baryon chiral perturba-
tion theory (HBChPT) to calculate the ΣcN interaction to the
next-to-leading order. We consider the leading order contact
interaction, one-pion-exchange contribution and the next-to-
leading order contact interaction and two-pion-exchange dia-
grams. We include the Σ(∗)c as intermediate states in the loop
diagrams. With the analytical results, we extrapolate the phase
shift from HAL QCD to the physical pion mass and obtain the
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2ΣcN interaction with quantum number 3S1(I = 1/2). We
also use a quark model to relate the leading-order contact in-
teraction of ΣcN to those of NN systems. In this approach,
combining the quark model and HBChPT, we give the numer-
ical results of the S-wave ΣcN interaction.
This paper is arranged as follows. In Sec. II, we construct
the Lagrangians. In Sec. III, we calculate the analytical re-
sults of the ΣcN interaction to the next-to-leading order. We
discuss the pion mass dependence of our analytical results in
Sec. IV, and extrapolate the lattice QCD results to the physi-
cal pion mass in Sec. V. We give a brief conclusion in Sec. VI.
In Appendix A, we combine the quark model and analytical
results from HBChPT to give more predictions on the ΣcN
interaction. In Appendix B, we present the integrals used in
our calculation.
II. EFFECTIVE LAGRANGIANS AND WEINBERG’S
FORMALISM
We perform the chiral expansion in the framework of
HBChPT. The expansion is organized in powers of  = q/Λχ,
where q is either the momenta of Goldstone bosons or the
residual momenta of the matter fields. Λχ is the chiral symme-
try breaking scale. We calculate the scattering amplitude or-
der by order according to the power counting given by Wein-
berg [13, 14]. In our calculation, we include the Σ∗c , the
heavy quark spin symmetry partner of Σc as the intermedi-
ate states. In the analytical calculations, we keep the mass
splitting δ1 = MΣ∗c −MΣc .
The amplitudes of box diagrams would blow up in the
heavy baryon limit, which would also been amplified to de-
stroy the power counting even if we include the kinetic terms
of the heavy baryon. Thus, we adopt the Weinberg’s formal-
ism to deal with this problem [13, 14, 40, 41, 68]. We subtract
the two particle reducible (2PR) contribution in the box di-
agrams, which could be generated by iterating the one-pion-
exchange diagrams. The remaining two particle irreducible
(2PIR) part obeys the power counting, which is treated as the
kernel of the Lippmann-Schwinger equation or Schro¨dinger
equation.
We introduce the pion field and the involved building blocks
as follows,
φ =
√
2
Ö
pi0√
2
pi+
pi− − pi0√
2
è
, U = u2 = exp
Å
i
φ(x)
F
ã
, (1)
Γµ =
1
2
[u†, ∂µu], uµ =
i
2
{u†, ∂µu}, (2)
where the Γµ and uµ are the chiral connection and axial-vector
current, respectively. F is the pion decay constant.
The multiplets of spin- 12 Σc and spin-
3
2 Σ
∗
c are represented
as
Σc =
Ö
Σ++c
Σ+c√
2
Σ+c√
2
Σ0c
è
, Σ∗µc =
Ö
Σ∗++c
Σ∗+c√
2
Σ∗+c√
2
Σ∗0c
èµ
.(3)
The leading order Lagrangians associated with Σ(∗)c are con-
structed as
L(0)
Σ
(∗)
c φ
= Tr[Σ¯c(i /D −MΣc)Σc] + Tr[Σ¯∗µc [−gµν(i /D −MΣ∗c )
+i(γµDν + γνDµ)− γµ(i /D +MΣ∗c )γν ]Σ∗νc ]
+g1Tr[Σ¯cγµγ5uµΣc] + g3Tr[Σ¯∗µc uµΣc + H.c.]
+g5Tr[Σ¯∗νc γ
µγ5uµΣ
∗
cν ], (4)
where Tr[...] represents the trace in the flavor space. MΣc and
MΣ∗c denote the masses of Σc and Σ
∗
c , respectively. The co-
variant derivative is defined as DµΣ
(∗)
c = ∂µΣ
(∗)
c + ΓµΣ
(∗)
c +
ΣcΓ
(∗)T
µ . The g1, g3 and g5 are axial coupling constants. We
can define the superfield to set up the relation of Σc and Σ∗c in
the heavy quark limit,
ψµ = B∗µ −
…
1
3
(γµ + vµ)γ5B,
ψ¯
µ
= B¯∗µ +
…
1
3
B¯γ5(γµ + vµ), (5)
where B(∗) are the Σ(∗)c fields after heavy baryon reduction.
The Lagrangians can be rewritten as a more compact form
with the superfield,
L(0)Σcφ =− Tr[ψ¯µiv ·Dψµ] + igaµνρσTr[ψ¯µuρvσψν ]
+ i
δ1
2
Tr[ψ¯µσµνψν ]. (6)
where the third term represents the heavy quark spin symme-
try violation effect. δ1 = MΣ∗c −MΣc is the mass splitting
between Σc and Σ∗c . Comparing Eq. (6) with Eq. (4), one can
easily get
g1 = −2
3
ga, g3 = −
…
1
3
ga, g5 = ga. (7)
The leading order Lagrangians for nucleons can be con-
structed as
L(0)Nφ = N¯(i /D −MN )N + gAN¯γµγ5uµN, (8)
where N = (p, n)T is the nucleon isospin doublet. MN and
gA are the nucleon mass and axial coupling constant, respec-
tively. The covariant derivative is define as Dµ = ∂µ + Γµ.
At the leading order, the contact terms also contribute to the
ΣcN interaction. The independent Lagrangians read
L(0)contact = C3N¯NTr(ψ¯µψµ) + C4(N¯τN) · Tr(ψ¯µτψµ)
+ i
3
2
C˜3(N¯σµνN)Tr(ψ¯µψν)
+ i
3
2
C˜4(N¯τσµνN) · Tr(ψ¯µτψν), (9)
where τ is the Pauli matrix in the isospin space. C3, C˜3, C4
and C˜4 are the low energy constants (LECs).
3III. EFFECTIVE POTENTIALS
We calculate the ΣcN effective potential V(q) in the mo-
mentum space to the next-to-leading order. The chiral dynam-
ics is essentially the interplay of the light degrees of freedom.
For the Σ(∗)c N system, the elements of the interaction are the
spin triplet light diquark in Σ(∗)c and N . In the calculation, we
include both Σc and Σ∗c as the intermediate states to ensure
the whole spin triplet light diquark is considered. The Λc and
Σ
(∗)
c belong to the different isospin multiplets. The Λc plays
the similar role as the ∆ in the NN system [69]. In this work,
we include neither the ∆ nor the Λc as intermediate states.
(X1) (H1)
FIG. 1. The leading order diagrams for the ΣcN system. At this or-
der, the contact term (X1) and the one-pion-exchange diagram (H1)
contribute to the effective potential. The solid, thick solid and dashed
lines represent the N , Σc and pion, respectively.
The leading order O(0) potential of ΣcN arises from the
tree level contact and one-pion-exchange diagrams in Fig. 1.
The leading order potential reads
V(0)X1 = C3 + 2C4I1 · I2 +
Ä
C˜3 + 2C˜4I1 · I2
ä
σ1 · σ2,
V(0)H1 = −
gAg1
2F 2
(I1 · I2) (σ1 · q)(σ2 · q)
q2 +m2
, (10)
where the subscript X1 and H1 denote the label of Feynman
diagrams. The m is the pion mass. I1 · I2 and σ1 · σ2 are the
isospin-isospin and spin-spin operators, respectively. Their
matrix elements are calculated as
〈I1 · I2〉 = 1
2
[I(I + 1)− I1(I1 + 1)− I2(I2 + 1)],
〈σ1 · σ2〉 = 2[S(S + 1)− S1(S1 + 1)− S2(S2 + 1)].
Since we only focus on the S−wave ΣcN system, we can take
the folllowing replacement,
qiqj  1
3
q2δij . (11)
The next-to-leading order potential arises from the O(2)
tree level contact term, the two-pion-exchange interaction and
the renormalization of theO(0) diagrams. One can construct
the general contact interaction [70]. In this work, we only con-
centrate on the S-wave interaction and omit the recoil terms.
Thus, the next-to-leading order contact potential reads
V(2)X1 = (C5 + C6I1 · I2) q2
+
Ä
C˜5 + C˜6I1 · I2
ä
q2(σ1 · σ2), (12)
where C5, C6, C˜5 and C˜6 are LECs in the O(2) contact La-
grangians.
At the next-to-leading order, the two-pion-exchange contri-
butions read
V(2)F1 =
1
F 4
(I1 · I2)JF22, (13)
V(2)T1 =
−4g2A
F 40
(I1 · I2)
ï
1
4
q2(JT24 + J
T
33) +
1− d
4
JT34
ò
(0), (14)
V(2)T2 =
−g21
F 40
(I1 · I2)
ï
1
4
q2(JT24 + J
T
33) +
1− d
4
JT34
ò
(0), (15)
V(2)T3 =
g23
4F 4
(I1 · I2)
ï
JT34(d− 2) + (JT33 + JT24)q2
2− d
d− 1
ò
(−δ1), (16)
V(2)B1 =
g2Ag
2
1
F 4
2(1− I1 · I2)
{
JB41
ñÅ
1− d
4
ã2
+
3
8
ô
− (JB42 + JB31)
1 + d
8
q2 − JB21
1
16
q2
+ (JB43 + 2J
B
32 + J
B
22)
1
16
q4 + [(σ1 · σ2)q2 − T]JB21q2
}
(0, 0), (17)
V(2)B2 = −
g2Ag
2
3
8F 4
(1− I1 · I2)
{
JB41
ï
(1− d)d+ 6
(d− 1)
ò
+ (JB42 + J
B
31)
2(d− 2)(d+ 1)
(d− 1) q
2 + JB21
d− 2
d− 1q
2 (18)
+ (JB43 + 2J
B
32 + J
B
22)
2− d
d− 1q
4 + [(σ1 · σ2)q2 − T]JB21
q2
d− 1
}
(−δ1, 0),
V(2)Ri = V
(2)
Bi
|JBx →JRx , I1·I2→−I1·I2, σ1·σ2→−σ1·σ2 , (19)
4(F1) (T1) (T2) (T3) (B1) (B2) (R1) (R2)
FIG. 2. The two-pion-exchange diagrams for the ΣcN system. There is one football diagram (F1), three triangle diagrams (T1,2,3), two box
diagrams (B1,2) and two crossed box diagrams (R1,2). The solid, thick solid, double thick solid and dashed lines represent the N , Σc, Σ∗c and
pion fields, respectively.
where d is the dimension in the dimensional regularization.
T = (σ1 · q)(σ2 · q). JXij are the loop integrals defined in
the Appendix B. They are the functions of m, q2 and mass
splitting. For conciseness, we omit the m and q2 and keep the
specific mass splitting at the end of every expression.
The vertex renormalization, mass renormalization and wave
function renormalization of the leading order diagrams will
also contribute to the next-to-leading order potential. The
renormalizations of the one-pion-exchange diagram and the
leading order contact term are presented in Figs. 4 and 5, re-
spectively. When we calculate the ΣcN potential at the phys-
ical pion mass, these renormalization effects can be included
by adopting the physical hadron masses and coupling con-
stants in the tree level results. When we vary the pion mass,
these renormalization effects will induce the extra pion mass
dependence. We will discuss these renormalization diagrams
in the next section.
IV. PION MASS DEPENDENCE
The ΣcN potentials depend on the pion mass either explic-
itly in expressions of Sec. III, or implicitly through the decay
constants, the LECs, the mass of baryons and the renormal-
ization of wave functions.
The mpi-dependence for the pion decay constant can be
obtained in the framework of ChPT. It was shown that the
next-to-leading SU(2) results can not fit the mpi-dependent
decay constant from lattice QCD well in FIG. 3 of Ref. [71].
As shown in FIG. 5 of Ref. [71], one needs to calculate at
least to the next-to-next-to-leading order to depict the mpi-
dependence, which is beyond the precision of this work.
Rather than going to higher order calculation, we fit the lat-
tice results with a linear function of m2pi . The result is shown
in Fig. 3. The simple linear function can depict the mpi-
dependence rather well at least when the pion mass is less
than 500 MeV.
The renormalization of one-pion-exchange diagram would
contribute to the next-to-leading order amplitude,
Arope = (1 + δZpi + δZN + δZΣc)Aope(gri ,mr), (20)
where gri and the mr denote the renormalized axial coupling
constants and hadron masses. The δZpi , δZN and δZΣc arise
from the wave function renormalization of pi, N and Σc, re-
spectively.
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FIG. 3. The mpi-dependence of pion decay constant from Ref. [71]
and a linear fit in this work. For the lattice QCD results, we only give
the central value here.
Up to the next-to-leading order, the mpi-dependence of
renormalized gr1 and g
r
A can also be obtained by calculating
the vertex renormalization diagrams (c1)−(c7) in Fig. 4. The
results read
grA = gA(1 + δZgA), g
r
1 = g1(1 + δZg1), (21)
δZgA = −
Jc0
3F 2
− d− 3
4
g2A
F 2
Jg22(0, 0), (22)
δZg1 = −
Jc0
3F 2
+
d− 3
4
g21
F 2
Jg22(0, 0),
+
ñ
(d− 3) +
Å
d− 3
d− 1
ã2ô g23g5
4F 2g1
Jg22(−δ1,−δ1)
+
g23
F 2
2− d
d− 1J
g
22(−δ1, 0). (23)
The lattice QCD simulation in Refs. [72–74] showed that the
grA and g
r
1 are insensitive to the pion mass. Thus, we keep the
axial coupling constants g1 and gA invariant with the change
of the pion mass.
The field renormalization diagrams (d1), (e1), (e2) and
(e3) in Fig. 4 would give the wave function renormalization
and mass renormalization. The mass renormalization effects
are included by adopting the mpi-dependent hadron masses in
Table I. The wave function renormalizations read
δZpi =
2Jc0
3F 2
, (24)
5TABLE I. Hadron masses at different pion mass (in units of
MeV) [65].
mpi mN mΣc mΣ∗c δ1
139 938 2454 2518 64
412 1215 2575 2661 86
570 1399 2674 2763 89
702 1581 2780 2866 86
δZN =
g2A
F 2
3(1− d)
4
∂Ja22(ω)
∂ω
|ω=0, (25)
δZΣc =
g21
F 2
1− d
2
∂Ja22(ω)
∂ω
|ω=0
+
g23
F 2
2− d
2
Ja22
∂Ja22(ω)
∂ω
|ω=−δ1 . (26)
Eqs. (24)-(26) would bring extra mpi-dependence to the po-
tential.
In Fig. 5, we present the Feynman diagrams contributing
to the renormalization of contact terms. The (gi) and (hi)
diagrams would renormalize the leading order contact terms,
Cri = Ci + δCi. (27)
In the heavy quark limit and with d→ 4, δCi read
δC3 =
1
F 2
Jg22
ï
−C3g2a − C3
9
4
g2A
ò
,
δC˜3 =
1
F 2
Jg22
ï
−13
36
C˜3g
2
a +
3
4
C˜3g
2
A + (C˜3 + 2C˜4)gagA
ò
,
δC4 =
1
F 2
Jg22
ï
−1
2
C4g
2
a −
9
8
C4g
2
A + 3C˜4gagA
ò
,
δC˜4 =
1
F 2
Jg22
ï
−13
72
C˜4g
2
a +
3
8
C˜4g
2
A +
2
3
C4gagA
ò
, (28)
where the Jg22 has the finite terms,
Jg22 = −
1
16pi2(d− 1)
ï
2m2 + 3m2 ln
m2
λ2
ò
. (29)
where λ is the chiral symmetry breaking scale Λχ. When the
spin and the isospin of ΣcN are fixed, thempi-dependent con-
tact interaction can be reparameterized as
Vcontact = c1(1 + δZN + δZΣc)
+ c˜1
m2
F 2
Å
2 + 3 ln
m2
λ2
ã
+ c2q
2 + c3m
2, (30)
where the c1 terms denote the leading order interaction and
its wave function renormalization. The c˜1 terms represent
the renormalization of the leading order contact coupling con-
stants. The c2 and c3 terms arise from the next-to-leading
order tree diagrams.
V. NUMERICAL RESULTS
We keep the mass splitting between Σ∗c and Σc when we
calculate the analytical results. In the real physical world, the
mass splitting δ1 ' 64 MeV is of the same order as the phys-
ical pion mass. Thus, we can adopt the small-scale-expansion
and treat the δ1 as another small scale like the pion mass [75].
However, when we go to the world with much heavier pion
as shown in Table I, the mass splitting become much less
than the pion mass. The small-scale-expansion for δ1 does
not work any more. Thus, in this work, we take the heavy
quark limit and omit the mass splitting δ1. The 2PR contri-
bution in the box diagram (B2) of Fig. 2 and diagram (h2) of
Fig. 5 should be subtracted, which is different from our previ-
ous works [40, 41].
In this work, we choose thempi-dependent chiral symmetry
breaking scale Λχ = 4piF (mpi). An alternative approach to
the mpi-dependent Λχ is the mass of ρ meson [76, 77], which
brings the slight divergence from the former one. To ensure
the good chiral convergence, we only adopt the lattice QCD
results with mpi ≈ 410 MeV and 570 MeV in Ref. [65].
With the potential in the momentum space, the potential in
the coordinate space reads
V (r) =
1
(2pi)3
∫
d3q eiq·rV(q)F(q). (31)
where F(q) = exp(−q2n/Λ2n) is the regulator to suppress
the contribution of the high momentum [12, 42, 78]. In this
work, we choose two different regulators. In scenario I, we
adopt n = 1 and Λ = 0.8 GeV. In scenario II, we adopt n = 2
and Λ = 0.5 GeV.
We then calculate the phase shift from the potential, which
is the physical observable. The partial wave Lippmann-
Schwinger equation reads [79]
ψPl (k, r) = ul(kr) + 2µ
∫ ∞
0
dr′GPl (k; r, r
′)V (r′)ψPl (k, r
′),
GPl = k
−1ul(kr<)vl(kr>), (32)
where ul(kr) and vl(kr) are Riccati-Bessel function and
Riccati-Neumann function, respectively. r> = max{r, r′}
and r< = min{r, r′}. The superscript “P ” denotes the Green
function and the wave functions are the principal-value ones.
The K-matrices and the phase shifts can be obtained by
Kl = tan δl = −2µk−1
∫ ∞
0
drul(kr)V (r)ψ
P
l (k, r).(33)
The scattering length could be obtained by performing the
effective-range expansion. For the S-wave, the expansion
reads
k cot δ = − 1
as
+
1
2
k2re + · · · , (34)
where as and re are the scattering length and the effective
range, respectively.
The numerical results of phase shift are presented in Figs. 6
and 7 for scenario I and scenario II, respectively. We fit the
6(c1) (c2) (c3) (c4) (c5)
(c7) (d1) (e1) (e2) (e3)
(c6)
(f1)
FIG. 4. The renormalization diagrams for the one-pion-exchange interaction. The (c1)-(c7) diagrams renormalize the axial coupling vertices.
The (d1) diagram renormalize the pion field. The (e1) and (e2) renormalize the Σc field. The (e3) renormalize the N field. The (f1) diagram
vanishes. Notations are the same as those in Fig. 2.
(z1) (z2) (z3)
(g1) (g2) (g3)
(h4)(h2)
(g5)
(h1) (h3)
FIG. 5. The renormalization diagrams for contact interaction. The
(gi) and (hi) diagrams are the contact vertices renormalization. The
(zi) diagrams are the wave function renormalization. Notations are
the same as those in Fig. 2.
phase shift from lattice QCD results [65] with mpi ≈ 410
MeV andmpi ≈ 570 MeV to obtain the unknown LECs c1, c˜1,
c2 and c3 [see Eq. (30)]. Only the ΣcN interaction with quan-
tum number 3S1(I = 1/2) is available in lattice QCD [65].
Then, we obtain the phase shift of this channel at the physi-
cal pion mass. We show the potential in coordinate space in
Fig. 8.
In two scenarios, we can fit the phase shifts well with
our analytical results (see the first two graphs in Figs. 6 and
7). Thus, we grasp the main features of the mpi-dependent
charmed baryon-nucleon interaction. We get similar chiral
extrapolation results in two scenarios with different regula-
tors. Potentials in two scenarios are both repulsive in the short
range and attractive in the medium range, which is the same
as the nuclear force. We also calculate the scattering lengths
in two scenarios,
as = −0.53+0.10−0.11 fm (scenario I),
as = −1.83+0.32−0.42 fm (scenario II). (35)
The negative scattering length indicates the attractive ΣcN in-
teraction in 3S1(I = 1/2) channel. However, the attraction is
very weak, i.e., there do not exist the bound solutions in both
scenarios.
The different regulators in two scenarios do bring some dif-
ferences to our results. In Fig. 8, the short-range repulsion
in scenario I is much stronger than that in scenario II, while
the medium-range attraction in scenarios II is much stronger.
Thus, both scattering lengths in two scenarios are negative
but the one in scenario II has the larger absolute value. The
differences stemming from the choice of the regulator do not
change the results qualitatively.
In order to give the numerical results of other channels, we
propose a quark model to estimate the leading order contact
interaction with the NN interaction as inputs. In HBChPT,
the two-pion-exchange diagrams mimic some heavy-meson-
exchange contribution like ρ and σ in one-boson-exchange
scheme. Thus, there are some ambiguities to use specific
heavy meson exchanges to calculate the contact interaction.
Meanwhile, the contact interaction obtained by contracting
the specific heavy meson exchange diagram to one single ver-
tex might not reproduce theNN phase shift well. To avoid the
ambiguity and reduce the uncertainty, we do not consider the
specific exchanged mesons but introduce the contact interac-
tion at the quark level. The SU(3) flavor symmetry is used to
reduce the number of coupling constants. The unknown cou-
pling constants are determined by the NN interaction. In this
way, we could make use of flavor symmetry to build a bridge
between the ΣcN and NN interactions. The ΣcN potentials
are shown in Fig. 9. The details about the quark model are
given in Appendix A.
VI. CONCLUSION
In summary, we adopt the heavy baryon chiral perturba-
tion theory to calculate the S-wave ΣcN interaction to the
next-to-leading order. We consider the leading order contact
term and one-pion-exchange interaction, the next-to-leading
order contact term and two-pion-exchange contribution. At
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FIG. 6. The chiral extrapolation of phase shift in scenario I with n = 1 and Λ = 0.8 GeV. The green and red points with error bar are the
phase shift from lattice QCD [65]. The black solid lines are our fitting results. The third graph is the extrapolated phase shift at the physical
pion mass. The blue shadow denotes the uncertainty.
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FIG. 7. The chiral extrapolation of phase shift in scenario II with n = 2 and Λ = 1.0 GeV. Notations are the same as those in Fig. 6.
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FIG. 8. ΣcN potential in the 3S1(I = 1/2) channel in momentum space. The left one and the right one are the results in scenario I and II,
respectively.
the next-to-leading order, we also include the renormalization
of vertices, masses and wave functions. In the calculation,
the diagrams with Σ∗c as the intermediate states are taken into
consideration. We use our pion mass dependent results to fit
the ΣcN [3S1(I = 1/2)] phase shifts from HAL QCD with
mpi ≈ 410 MeV and mpi ≈ 570 MeV, and then extrapolate
the interaction to the physical pion mass.
We choose two different regulators to give the numerical
results. In both scenarios, we can fit the phase shifts very well
and obtain the similar interaction at the physical pion mass.
The potential for ΣcN [3S1(I = 1/2)] is weakly attractive
in the medium range and repulsive in the short range. The
scattering length for this channel is negative, but the attraction
is too weak to form a bound state.
Extrapolation of lattice QCD simulation with ChPT works
well when the pion mass is as low as 300-400 MeV. When
mpi moves very far away from the chiral limit, the higher or-
der terms of the chiral expansion would dominate the trun-
cated expansion making the extrapolation untenable. Fortu-
nately, we adopt some mpi-dependence directly from the lat-
tice simulation like fpi , gA MN , and MΣc , which makes our
extrapolation more reliable even for mpi ≈ 570 MeV. There
are some approaches which can depict the pion mass depen-
dence beyond the perturbative chiral regime, like the cloudy
bag model [80, 81].
In Appendix A, we propose a quark model to estimate
the leading order contact interaction for the ΣcN systems.
Rather than contracting the specific heavy meson exchange to
one point, we assume the local interaction at the quark level.
We use SU(3) flavor symmetry to reduce the coupling con-
stants at the quark level and adopt the NN contact interac-
tion as input. We calculate the ΣcN interaction in four S-
wave channels with the one-pion-exchange interaction, two-
pion exchange interaction and contact interaction estimated
8by the quark model. The 1S0(I = 3/2) channel is the most
attractive one and the only one that has the ΣcN bound solu-
tion.
In this work, we do not consider the couple-channel effect
between ΣcN and ΛcN channels, and the S-D wave mixing
due to the tensor force. In the future, investigation on the YcN
interaction could be promoted by calculating the ΛcN scatter-
ing, including the ∆ as intermediate states and considering the
S-D wave mixing. The framework in this work can be extend
to extrapolate the Σ(∗)c D¯(∗) interaction to investigate the Pc
states in the future.
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Appendix A: Using quark model to estimate the contact
interaction
In Ref. [65], only the ΣcN interaction with 3S1 and I =
1/2 was calculated. In this section, we use the quark model to
estimate the leading order contact terms and give the numeri-
cal results for all the S-wave ΣcN interaction.
One purpose to introduce the contact terms is to include
the heavy-meson-exchange interaction after integrating out
the meson mass. At the quark level, we introduce the contact
interaction as,
Vqq = cS(1 + 3τ1 · τ2) + cT (1 + 3τ1 · τ2)σ1 · σ2. (A1)
We assume the local interaction is an approximation of the
heavy-meson-exchange contribution at quark level when the
meson masses are integrated out. The exchanged isospin sin-
glet and isospin triplet belong to the same multiplets in the
SU(3) flavor symmetry. Thus, they share the same coupling
constants. Since we focus on the interaction of u/d quarks,
we can write the exchanged mesons as
M = a · τ + 1√
3
f, (A2)
where a and f generally represent the isospin triplet and
isospin singlet, respectively. Thus, there are only two inde-
pendent coupling constants in Eq. (A1).
With the quark level interaction, we can calculate the NN
and ΣcN contact interaction. We present the relevant matrix
elements in Table II. Thus, we could relate the unknown LECs
for ΣcN in Eq. (9) to the NN contact interaction with the
quark model as a bridge.
For the NN system, the leading order contact interaction
reads [12],
V(0)NN = CS + CTσ1 · σ2, (A3)
where CS and CT are the LECs for central potential and spin-
spin interaction, respectively. In principle, one also needs to
TABLE II. The matrix elements of the operator
∑
i∈ha,j∈hb Oij ,
where ha and hb are two hadrons. Oij is the two-body interaction
operator between quarks.
Oij 1ij σi · σj τi · τj σi · σjτi · τj
[NN ]I=1S=0 9 −3 1 − 253
[NN ]I=0S=1 9 1 −3 − 253
[ΣcN ]
I= 3
2
S=1 6
4
3
2 20
9
[ΣcN ]
I= 3
2
S=0 6 −4 2 − 203
[ΣcN ]
I= 1
2
S=1 6
4
3
−4 − 40
9
[ΣcN ]
I= 1
2
S=0 6 −4 −4 403
construct the isospin-isospin interaction. However, the two
nucleons are identical particles and satisfy the Pauli princi-
ple. For the S-wave two nucleon system, once the total spin
is fixed, the total isospin could be determined consequently.
Thus, the isospin-isospin interaction could be absorbed into
CS and CT . The value of CS and CT have been deter-
mined by fitting the nucleon scattering phase shift, which
is less dependent on the cutoff in the regulator. We take
CS = −100 GeV−2 andCT = 6.5 GeV−2 [12]. The LECs in
the leading order ΣcN contact Lagrangians [see Eq. (9)] are
then determined as
C3 = −5.21 GeV−2, C4 = −5.21 GeV−2,
C˜3 = 5.19 GeV−2, C˜4 = 25.97 GeV−2. (A4)
The ΣcN potentials in coordinate space are presented in
Fig. 9. The contribution of the leading order contact term,
the one-pion-exchange interaction and the two-pion-exchange
contribution are included. With the quark model as a bridge,
we could determine the ΣcN effective potentials for all four
S-wave channels. The scenarios with different regulators give
the similar results.
For the 3S1(I = 1/2) channel of ΣcN , the medium-range
interaction is attractive and the short-range interaction is re-
pulsive, which is in accordance with the chiral extrapolation
of lattice QCD results. There does not exist the bound solu-
tion in this channel. The 1S0(I = 1/2) channel is strongly
repulsive. For the I = 3/2 channel, the ΣcN interaction with
quantum number 3S1 is repulsive in the medium range but at-
tractive in the short range. There is no bound solution in this
channel. The 1S0(I = 3/2) channel is the most attractive one.
We find a bound solution in this channel,
E = −172 MeV (Scenario I),
E = −48 MeV (Scenario II). (A5)
The behaviors of the effective potentials for S-wave ΣcN
channels are in accordance with the refined quark model cal-
culation [63]. The approach applied to the contact interac-
tion could also be used to investigate the Pc states [40, 41], in
which the ΛcD¯(∗) interaction can be related to the Σ
(∗)
c D¯(∗)
ones.
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FIG. 9. ΣcN potentials obtained by combining the chiral effective field theory and quark model. The potentials include the leading order
contact term estimated in quark model with theNN contact interaction as inputs, the one-pion-exchange interaction and the two-pion-exchange
contribution.
Appendix B: Definitions of the loop integrals
We will use the “MxBy” to denote the integrals with x light
meson propagators and y heavy baryon propagators in the fol-
lowing.
• M1B0
i
∫
ddlλ4−d
(2pi)d
{1, lα, lαlβ}
l2 −m2 + iε ≡
{
Jc0 , 0, g
αβJc21
}
(m), (B1)
• M2B0
i
∫
ddlλ4−d
(2pi)d
{1, lα, lαlβ , lαlβlγ}
(l2 −m2 + iε) [(l + q)2 −m2 + iε] ≡
{
JF0 , q
αJF11, q
αqβJF21 + g
αβJF22, (g ∨ q)JF31 + qαqβqγJF32
}
(m, q),
(B2)
• M1B1
i
∫
ddlλ4−d
(2pi)d
{1, lα, lαlβ , lαlβlγ}
(v · l + ω + iε) (l2 −m2 + iε) ≡
{
Ja0 , v
αJa11, v
αvβJa21 + g
αβJa22, (g ∨ v)Ja31 + vαvβvγJa32
}
(m,ω), (B3)
• M2B1
i
∫
ddlλ4−d
(2pi)d
{1, lα, lαlβ , lαlβlγ , lαlβlγ lδ}
(v · l + ω + iε) (l2 −m2 + iε) [(l + q)2 −m2 + iε] ≡
{
JT0 , q
αJT11 + v
αJT12, g
αβJT21 + q
αqβJT22 + v
αvβJT23
+(q ∨ v)JT24, (g ∨ q)JT31 + qαqβqγJT32 + (q2 ∨ v)JT33 + (g ∨ v)JT34 + (q ∨ v2)JT35 + vαvβvγJT36, (g ∨ g)JT41
+(g ∨ q2)JT42 + qαqβqγqδJT43 + (g ∨ v2)JT44 + vαvβvγvδJT45 + (q3 ∨ v)JT46 + (q2 ∨ v2)JT47 + (q ∨ v3)JT48
+(g ∨ q ∨ v)JT49
}
(m,ω, q), (B4)
• M1B2
i
∫
dDlλ4−D
(2pi)D
{1, lα, lαlβ , lαlβlγ}
(v · l + ω1 + iε) [(+/−)v · l + ω2 + iε] (l2 −m2 + iε)
≡
{
J
g/h
0 , v
αJ
g/h
11 , v
αvβJ
g/h
21 + g
αβJ
g/h
22 , (g ∨ v)Jg/h31 + vαvβvγJg/h32
}
(m,ω1, ω2), (B5)
• M2B2
i
∫
ddlλ4−d
(2pi)d
{1, lα, lαlβ , lαlβlγ , lαlβlγ lδ}
(v · l + ω1 + iε) [(+/−)v · l + ω2 + iε] (l2 −m2 + iε) [(l + q)2 −m2 + iε] ≡
{
J
R/B
0 , q
αJ
R/B
11 + v
αJ
R/B
12 ,
gαβJ
R/B
21 + q
αqβJ
R/B
22 + v
αvβJ
R/B
23 + (q ∨ v)JR/B24 , (g ∨ q)JR/B31 + qαqβqγJR/B32 + (q2 ∨ v)JR/B33 + (g ∨ v)JR/B34
+(q ∨ v2)JR/B35 + vαvβvγJR/B36 , (g ∨ g)JR/B41 + (g ∨ q2)JR/B42 + qαqβqγqδJR/B43 + (g ∨ v2)JR/B44 + vαvβvγvδJR/B45
+(q3 ∨ v)JR/B46 + (q2 ∨ v2)JR/B47 + (q ∨ v3)JR/B48 + (g ∨ q ∨ v)JR/B49
}
(m,ω1, ω2, q), (B6)
We use the representation X ∨ Y ∨ Z... to denote the symmetrized tensor structure for simplicity. For example,
q ∨ v ≡ qαvβ + qβvα,
g ∨ q ≡ gαβqγ + gαγqβ + gγβqα,
g ∨ g ≡ gαβgγδ + gαγgβδ + gαδgβγ . (B7)
The final results of these integrals can be found in Refs. [40, 41].
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